Climate change has already begun to impact the structure and function of forest ecosystems in the Pacific Northwest by altering the frequency, intensity, and duration of droughts and heat stress, with implications for widespread environmental and socio-economic change. A major realization is that accumulated physiological stress can ultimately lead to tree mortality and changes in species distributions, particularly in areas away from maritime influences. To ameliorate the effects of drought, insect outbreaks, and reduce the risk of crown fires, various strategies are being tested. To make some of these strategies economical, biomass is proposed as an alternative energy source. At the same time that an increase in harvesting is being considered, there is a desire to increase carbon sequestration by forests to offset, at least in part, greenhouse gas emissions. Assessments are needed to determine current and future impacts of climate change, and to evaluate management options while considering carbon storage benefits and sustainability of ecosystem structure and function. Here we provide an overview of research results from the Pacific Northwest region where forests dominate the landscape and contain among the highest biomass on earth. In this review, we present findings that challenge common assumptions, and suggest a way to predict outcomes of changes in climate and land management in the future. The approach includes the use of observation-driven land system models that integrate the extent that forests are vulnerable to climate change, management practices, and economic considerations. It also requires increased emphasis on in situ and remotely sensed observations and experiments to initialize and test the model, and to track trends in forest condition.
Introduction
Over centuries, human activities have altered forests profoundly, changing their distribution, structure and productivity across landscapes and regions. Now, climate change attributed to rising greenhouse gas emissions is beginning to impact forests as the frequency and severity of droughts and extreme heat events increase Allen et al., 2010) . An increase in disturbance affects the carbon balance of forests. More frequent and extensive disturbances reduce the ability of forests to sequester carbon and partially offset greenhouse gas emissions. The complexities of multiple interacting factors have prompted efforts to predict where forests are likely to be vulnerable to natural disturbances, and the carbon consequences of actions that land management might take in response.
The Pacific Northwest (PNW) domain of this synthesis includes British Columbia, Washington, Oregon, and Northern California (Fig. 1) . Climate in the PNW is strongly influenced by the Pacific Ocean and mountain ranges, and two large-scale oscillations, the El Niño/Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO). When both oscillations are in a warm phase, the possibility of a warmer and drier winter increases (Dalton et al., 2013) .
There is a strong eco-climatic gradient from the Coastal Range temperate rainforests ($2500 mm precipitation) inland to the Klamath Mountains and Sierra Nevada (1500 mm), East Cascades ($500 mm), and the Columbia Plateau and Northern Basin (250 mm; Fig. 1 ). Warming has led to $20% loss of winter snowpack since 1950 (Mote, 2006) , and spring snowmelt has occurred 0-30 days earlier depending on location (Stewart et al., 2005) . Although the annual precipitation has not changed significantly, winters are becoming drier while the springs are generally wetter (Abatzoglou et al., 2014) . The region is expected to experience progressively hotter and longer summers with a 10% reduction in summer precipitation (Mote and Salathé, 2010; Mote et al., 2014) . Because Pacific Northwest summers are already dry, a 10% reduction in precipitation, particularly in the semi-arid part of the region, could further stress forests and increase the area burned. Such projections on the region's valuable forests are of great concern.
Carbon cycle research in Pacific Northwest US has focused on understanding how forests respond to climate and subsequent disturbances from the individual tree, upward through ecosystem, landscapes and regions. Some results challenge conventional thinking, and need to be highlighted as land managers and policy Fig. 1 . Thirty year mean annual precipitation in the Pacific Northwestern US. Note the strong gradient from the coast inland. Data are courtesy of Oregon Climate Service, map by Logan Berner. makers attempt to minimize impacts on forests and manage them for a variety of ecosystem services.
Recent studies aim to determine the vulnerability of forests to a shift in climatic conditions and the potential increase in the kind, frequency and size of disturbances. They also endeavor to assess the effects of changes in management practices on carbon and water cycling, and upon biodiversity. Obtaining these objectives is aided by advances in technology that provide continuous measurements of ecosystem carbon and water fluxes from towers, track changes in forest structure from orbiting satellites, and utilize sophisticated land system models to generate predictions of ecosystem responses at a range of scales.
Here we highlight major carbon cycle research findings in Pacific Northwest over the past two decades, identify knowledge gaps, and needs for future research.
Carbon storage in PNW forests
The amount of carbon stored in forests, which primarily resides in wood and soil, plays an important role in regulating atmospheric carbon dioxide. Carbon stocks are higher in older forests, while younger forests take up carbon at a faster rate per unit of ground area. There is a growing body of evidence that forests can continue to accumulate carbon in live biomass and soils and serve as large carbon sinks for hundreds of years (Luyssaert et al., 2008) . For example, a 450-500 year old Douglas-fir forest at Wind River, Washington has $400 Mg ha À1 of carbon stored in tree biomass, close to average for old forests in the cool temperate moist region of North America, and the forest continues to take up carbon from the atmosphere annually (total net primary production 6 Mg ha À1year À1 of carbon), thanks in part to a well-developed understory of younger western hemlock and western red-cedar trees (Waring and McDowell, 2002; Harmon et al., 2004) .
Stand ages in the PNW vary from less than one to over 1000 years, and stand biomass per unit ground area continues to increase after 600 years in the Klamath Mountains and after 300 years in the Coast Range, West Cascades and Sierra Nevada ecoregions (Hudiburg et al., 2009) . Cool, temperate, moist forests can attain higher biomass carbon than tropical and boreal forests ( Table 1; . Data from over 8000 inventory plots show that an upper limit to biomass in Oregon, Washington and Northern California is 440 and 520 Mg ha À1 of carbon (averages of 240 and 370 Mg ha À1 ) for stands older than 200 years in the Klamath Mountains and Coast Range ecoregions (Van Tuyl et al., 2005; Hudiburg et al., 2009) . The values are comparable to an average of 300 Mg ha À1 of carbon estimated for primary forests in the Tongass National Forest in Southeast Alaska (Leighty et al., 2006) . The average for primary forests across the cool temperate moist biome is about 450 Mg ha À1 of carbon, which is higher than biome averages for tropical moist and wet forests ( Table 1; Keith et al., 2009) . In Oregon, soil carbon to a depth of 1 m reaches an average of 360 Mg ha À1 of carbon in Coast Range Sitka spruce/hemlock forests and approaches an asymptote at about 150-200 years Law et al., 2001 ). An average of 40-55% of forest carbon is stored in the soil (ecoregion means; Law et al., 2004) .
Natural disturbances and forest carbon
An objective of carbon cycle science is to quantify transfers of carbon from the atmosphere into live biomass, and to follow the transformation into dead biomass and eventually through the decomposition process to where carbon dioxide is emitted to the atmosphere. Drought-related mortality, fires, and insect outbreaks speed up the rates that carbon is transferred through the cycle, and all of these natural disturbances vary in intensity, spatial extent and patchiness.
Inventory data for Oregon and Northern California in the 1990s indicate that as a percentage of live biomass, mean annual mortality ranged from 0.5%, 0.35%, and 0.35% for young (<80 years), mature (80-200 years), and old stands (>200 years) in the Coast Range to a high of 1.2% and 1.3% in young and mature stands in the Sierra Nevada, and 1.35% for old stands in the Blue Mountains of Northeastern Oregon (Hudiburg et al., 2009) . These values are consistent with historical averages and background levels (Franklin and DeBell, 1988; Franklin et al., 1987) .
A linkage between drought and wildfires has been shown in several studies. For example, high pre-fire water deficits (potential minus actual evapotranspiration) were related to higher post-fire tree mortality (van Mantgem et al., 2013) . Since 1984, there has been an increase in the number of large fires (>4 km 2 ) per year in the Cascade, Klamath and Sierra Mountains ecoregions, and the northern Rocky Mountains ecoregion, coinciding with increased severity of drought (Dennison et al., 2014) . However, the increase in number of large fires is less than one fire per year (Dennison et al., 2014) .
Recent Pacific Northwest wildfires have emitted less carbon to the atmosphere than previously thought. This is mostly due to previous overestimates of combustion losses by fire (Campbell et al., 2007) , and uncertainty in remotely sensed estimates of burnt areas in different severity classes (Meigs et al., 2009) . In mixed conifer forests of western North America, nearly all contemporary fires are mixed-severity. Table 1 Comparison of live tree biomass carbon in the Pacific Northwest with that of different regions and biomes shows the PNW forests hold biomass equivalent to or larger than tropical forests.
Region
Live tree biomass carbon a (t ha À1 ) Calculation Source A study in the Sierra Nevada showed a 4.5% increase in percent high severity burnt area in yellow pine-mixed conifer from 1984 to 2010 (Miller and Safford, 2012) . However, synthesis of Monitoring Trends in Burn Severity data (MTBS; Eidenshink et al., 2007) across the PNW, including the Sierra Nevada, shows that high severity fire (mortality of woody species >70%) represents only a small portion, 12-14%, of the total burnt area in the region and no increasing trend for dry and wet regions from 1984 to 2011 ( Fig. 2 , Table 2 ). The exception is percent moderate severity burnt area in dry regions, which increased 0.23% per year due to fires in the Sierra Nevada (excluding the Sierra Nevada, there was no significant increase in the trend).
In a comparison of pre-and post-fire carbon pools on a 200,000 ha mixed severity fire, only 1-3% of stem carbon was combusted in trees larger than $8 cm diameter, and the percentage only increases up to 12% on large standing dead stems (Campbell et al., 2007) . In four fires in Oregon, stand-scale carbon combustion averaged 22% of prefire carbon pools, and live tree stem combustion was a trivial amount, averaging 1.24% (Meigs et al., 2009) . In this study, low-and moderate-severity fire released 58% and 82% as much carbon emissions, respectively, as high severity fire. In all five fires small trees, understory shrubs, litter and duff represented the majority of material combusted. In general, dry forest floor litter is more likely to burn than large stems with moist sapwood.
The biomass killed in fires eventually decomposes, slowly releasing carbon to the atmosphere over decades to centuries (Law and Harmon, 2011; Campbell et al., 2011) . About half of the carbon remaining on site after a fire stays in soil for about 90 years, and the other half persists for more than 1000 years as charcoal (Singh et al., 2012) .
Most fires do not kill all trees. What happens to the biomass that survives wildfires? In four fires in Oregon, 50-75% of live biomass survived low and moderate severity fires combined, which accounted for 80% of the burnt area (Meigs et al., 2009) . In ponderosa pine forests, moderate severity fire killed only 34% of the trees larger than 20 cm in diameter, which accounted for most of the wood production two years after the fire (Irvine et al., 2007) . Physiological measurements and tree cores shows many of these trees remain alive and productive 10 years after fire (Irvine et al., 2007; Waring, 2005; Becker, 2012) , whereas standard surveys led to overestimation of mortality and a policy of removing healthy trees that could serve as shade or aid seedlings by hydraulically redistributing water from deep in the soil (Brooks et al., 2002) . Removal of surviving trees reduces carbon storage, and adversely impacts regeneration in many cases.
Most tree mortality across the Pacific Northwest is attributed to mountain pine beetle (MPB) killing lodgepole pine. This insect killed 0.2-3.4 M ha of forests from 1997 to 2010 in the western conterminous US (Meddens et al., 2012) . But in the PNW US, only about 2% of the forest area was affected; most of the impacted area was in British Columbia where critical winter temperatures of less than À40°C no longer occur to keep beetle populations in check (Bentz et al., 1991) (Fig. 3 ).
Drought and warmer temperatures can also accelerate the development and reproduction of bark beetles (Hicke et al., 2006) . Drought stress can make trees more susceptible to attack because the trees cannot produce enough resin to pitch out beetles or wall-off infection from blue-stain fungi (Raffa et al., 2008; Christiansen et al., 1987) . In Oregon and Washington, the climate variables with the largest effect on probability of an outbreak are minimum winter temperature (warmer is more favorable) and Eidenshink et al., 2007) . Summary statistics for each burn severity class are presented in Table 2 , graphs by Logan Berner. drought conditions in the year preceding the attack and during the attack (Preisler et al., 2012) . Precipitation in the preceding year possibly influences brood size as well as tree vigor. Where drought occurs in the early stages of beetle outbreaks, relief from drought in the later stages does not result in declines in beetle populations.
The high humidity deficits that increase the likelihood of wildfires, combined with soil drought, can also cause the death of mature trees. This appears to be the case with ''sudden aspen decline'' where a few years of unusually stressful conditions results in irreversible damage to the tree's water conducting system (Anderegg et al., 2013 (Anderegg et al., , 2014 .
Implications of current polices on the regional carbon balance
Even with an 82% reduction in wood harvest on U.S. National Forest land since 1993, the Pacific Northwest region, among all those in North America, records nearly the highest percentage of area harvested annually with the highest mass harvested per unit area. About 1.4% of total US forest area is harvested annually (Smith et al., 2009) , with more than half of it as partial harvest (Masek et al., 2011) . The highest intensities of roundwood volume per unit area harvested in western North America are in British Columbia ($400 m 3 ha À1 ) and the Pacific Northwest ($300 m 3 ha À1 ), followed by the intermountain region ($100 m 3 ha À1 ) (Masek et al., 2011) . These rates of extraction partly reflect the relatively high growth rates (5-15 Mg ha À1 year À1 ). Expressed as volume harvested per unit of forest area of each region, the Pacific Northwest coastal forests have the highest rate (2 to greater than 4 m 3 ha À1 ), followed by British Columbia (1-2 m 3 ha À1 ; Fig. 4 ; Masek et al., 2011) . In terms of carbon, merchantable wood removals (2001-2006) averaged 6.5, 5.1, and 2.7 Tg C for Oregon, Washington, and California, respectively (Hudiburg et al., 2011) .
Factors that have influenced changes in harvest patterns include timber markets, which are increasing globally, and general economic activity as producers respond to changes in commodity prices (Howard and Westby, 2007 ). Short-term decreases in harvest rates respond to downturns in economic activity, as they did following 2008. Shifts in policy also affect harvest rates. For example, the implementation of the Northwest Forest Plan in 1993 and related policy changes, switched US northwest forests from a Fig. 3 . Cumulative tree mortality caused by mountain pine beetles (US upper estimate, 1997 (US upper estimate, -2010 British Columbia, 2001 -2010 ; 2012, by Meddens et al. (2012) . Mortality area within 1 km À2 grid cell -blue (0-5 ha), green (5-15 ha), red (>25 ha). Inset is ''red attack'' by MPB in British Columbia. Fig. 4 . Annual volume of roundwood harvest per unit of forest area. The highest rates are found in the Pacific Northwest US coastal forests (red = 2 to >4 m 3 ha À1 forestland), followed by British Columbia (purple = 1-2 m 3 ha À1 ) in western North America, 2007, by Masek. The British Columbia data are net merchantable volume harvested, so the values may be relatively low compared to actual harvest volume. However, the data are assumed to be comparable to US data, which are derived from the Timber Product Output (TPO) analysis (Masek et al., 2011). carbon source (negative net ecosystem carbon balance) to a carbon sink (Turner et al., 2011) .
It would be theoretically possible, in the absence of disturbance, to increase regional forest carbon stocks significantly. For Oregon and Northern California, a reduction in the intensity of harvest, combined with an increase in the interval, could almost double carbon stocks from the current level of 3.2-5.9 Pg C, with an increase of 15% possible in 50 years (Hudiburg et al., 2009) . It would take centuries, however, to make up for carbon that was lost through previous harvests (Schulze et al., 2012; Hudiburg et al., 2011; Harmon and Marks, 2002) .
Implications of shorter rotations on the regional carbon balance under a stable and changing climate
It is often thought that managing forests on shorter rotations (e.g. changing from current 80-90 year rotations to 40-50 years) would provide the most effective long-term carbon sequestration benefit. However, research in the region shows that long-term rotations or selective harvest are a better alternative on managed lands to maximize carbon sequestration (Harmon et al., 1990 ).
An important aspect of short-rotation forest management is that the carbon debt incurred on harvested sites is usually ignored, as is the fate of the wood once it is harvested. The combined carbon stored in ecosystems and products from the ecosystems is always lower when rotation intervals are shorter and harvest intensity is higher (Mitchell et al., 2012) . That is, harvesting with greater frequency and intensity lowers carbon storage in forests and prolongs the time needed to recoup the carbon debt.
The full implications of shorter rotations was demonstrated in a regional analysis of Oregon's forest carbon stocks to year 2100 (Hudiburg et al., 2013a) , This analysis provided an estimate of the net effect on forest carbon balances over the next 90 years under projected climate change, taking into account any gain from a continued increase in atmospheric levels of carbon dioxide. It also included a life-cycle assessment (LCA) once trees are harvested.
The analysis modeled shortened rotations from current to proposed levels in areas typically clear-felled. It applied multiple treatments into the future, and implemented thinning scenarios for bioenergy and fire-risk reduction activities in areas identified as having short intervals (<40 years) between fires. All of the intensified management scenarios significantly increased longterm carbon dioxide emissions to the atmosphere compared with business-as-usual management, with less increase in emissions from the semi-arid ecoregions.
Interestingly, the projected enhancement of forest productivity from warming and increased atmospheric carbon dioxide was more than enough to counterbalance a slight increase in fire emissions under current harvest levels. The amount of carbon lost from the treatments intended to reduce crown fire risk exceeded the gain from reducing burn probability and fire severity, even over long periods. Furthermore, the proposed harvest rates to reduce fire and drought impacts resulted in up to 2.2% of the forest area harvested annually. These harvest rates were not sustainable over the long-term because live biomass carbon did not recover to initial conditions before the next scheduled harvest. The result has implications for forest management and climate policy. Such analyses of proposed changes in land management compared with business-as-usual are needed in other regions.
A complete life cycle assessment (LCA) includes the land-based carbon (net biome production, accounting for fire emissions and decomposition after disturbance), and tracks carbon losses during transport, manufacturing, combustion, and fossil fuel substitution benefits. Two misunderstandings have occurred in conducting life cycle assessments. First, such assessments cannot ignore carbon stocks present on the land, as these stocks influences the concentrations of CO 2 in the atmosphere and are clearly affected by land management (Schulze et al., 2012; Law and Harmon, 2011) . Second, benefits attributed to product substitution are commonly overestimated. Substituting wood for aluminum and steel can displace fossil fuel emissions, but the displacement period needs to be part of the accounting. Displacement occurs until the building is replaced, and then the substitution can be renewed by a new building or it can be lost by using a material with a higher energy cost. In addition, it is often assumed that product substitution will reduce the demand for fossil fuel. However, due to human behavior and current economic systems that ignore adverse externalities, reducing resource consumption through substitution or improvements in efficiency rarely reduce fossil fuel use (York, 2012) . Therefore, benefits may be substantially lower and the payback period much longer and smaller for the carbon debt from intensified management and avoided fossil fuel combustion than commonly assumed (Haberl et al., 2013) .
Although much of the PNW region within the maritime influence of the coast is buffered against the influence of climate change (Waring et al., 2011) , no place is immune. Much of British Columbia has already experienced unparalleled levels of disturbance by insects and diseases associated with climate change (Woods et al., 2010) . This has led to harvesting rates that are unlikely to be sustainable. For the tree species that extend their northern limits into the province, the projected change in climate is so rapid that these species would have to migrate at >100 km per decade to keep up with the projected shift in their current climatic niche before the end of this century (Hamman and Wang, 2006; Rehfeldt et al., 2006 Rehfeldt et al., , 2014 . Although long-distance dispersal is certainly possible (Pitelka and Plant Migration Workshop Group, 1997) , there are many barriers, both natural and those imposed by humans, that suggest that foresters will be involved in assisting the migration of species northward and upward in elevation (Bunnell and Kremsater, 2012) . The likelihood that the composition of forests may be in continuous and rapid transition across much of the Pacific Northwest places additional challenges on managers and decision makers. It is likely that a new mix of species will continue to provide ecosystem services, but maintaining a sustainable harvest of wood products will be difficult.
In summary, recent science indicates that forests hold carbon much longer intact than when products from them are harvested and utilized. Harvested wood product can be stored at most on average 80-150 years in structural wood for housing or in landfills where it decomposes slowly, or short-term (e.g. paper), which decomposes rapidly. Pacific Northwest harvests generate merchantable wood that is about 50-60% of the total wood harvested and an average of 54% of the wood product remains in use or end up in landfills after 20 years where it decomposes (Smith et al., 2006) . The remainder returns to the atmosphere within about 90-150 years and there are losses over time, not just at the end of product use. These loss rates are much higher than those from forests through the normal decomposition process and frequent harvesting increases these rates still further.
Predicting physiological condition and tree mortality
It is challenging to predict how different types of forests will respond to gradual shifts in climate or extreme events because the frequency and kind of disturbance may increase or decrease the fitness of one species compared to another. The most productive forests in the PNW support the densest canopies on earth (Waring and Franklin, 1979; Law and Waring, 1994; Waring et al., 2014) . Having such dense canopies buffers these forests in the maritime influenced areas against moderate disturbances because the increased exposure resulting from gaps in the canopy provide deeper penetration of light. As a result, the loss of 50% of the trees from a stand with a dense canopy may not reduce wood production more than a few percent because the leaves of surviving trees become more efficient, and as a result, the trees also become healthier and less susceptible to attack from insects (Waring, 1983) . In more drought-stress regions where canopies are less dense, thinning is not as effective in improving residual wood production and tree growth efficiency, in part because of competition for water from competing shrubs .
Physiological sensitivity to climate also varies with tree size. The relative sensitivity of leaf stomata to high evaporative demand is greater in young than old ponderosa pine (Irvine et al., 2004) , and young trees are more susceptible to soil water deficits due to shallower rooting and their greater vulnerability of their roots to broken water columns (Domec et al., 2004) . Over the course of dry summers, $20%, 45% and 47% of water used by young, mature and old pine trees in sandy soils is extracted from below 80 cm depth (Irvine et al., 2004) . Hydraulic redistribution from deep soil layers will be missed, along with the added storage capacity, if models that assume 1 m soil depth.
The effects of water deficits accumulate, increasing injury to a tree's water conducting system dependent on the duration and severity of drought (Miao et al., 2009; Mueller et al., 2005) . During the extreme drought years of 2001 and 2002, old ponderosa pine trees in Oregon showed only a small decline in water transport efficiency to leaves (11-24%) whereas in mature pine, the efficiency declined by 46%, and for young pine, by 80% (Irvine et al., 2004) . The ability of young pine to open their stomata more widely than older trees, increases the rate that water flows through a unit of their sapwood. As a result, younger trees risk the breakage of a larger proportion of their water columns, which may account for the high mortality in a young ponderosa pine plantation in California (Goldstein et al., 2000) . On the other hand, large, old trees become progressively less efficient at assimilating carbon due to high resistance though elongating branches (Warren and Adams, 2000) .
What kind of physiological properties need to be defined to identify thresholds of tolerance? One relation that differs among species and size classes is the vulnerability of the water conducting system, (expressed as loss of hydraulic conductance) to tension (expressed as negative water potentials) on the water column. During a typical summer drought in Oregon, mature Douglas-fir, ponderosa pine, and juniper trees lose $80% of their hydraulic conductance (PLC), respectively, at predawn water potential (W pd ) values of À2.0, À1.7, and À3.0 MPa (Law, 1993; Irvine et al., 2004; Miller, 1990) .
A second relationship that matters is one between the humidity deficit of the air (vapor pressure deficit) and stomatal conductance of leaves. Stomatal conductance rates in Douglas-fir and ponderosa pine are much more sensitive than juniper to changes in W pd ; the latter is frugal at all times in transpiring water. The seasonal minimum W pd values for juniper in Oregon were not as low as those reported in the more arid Southwest US (À4.0 and À7.0 MPa in 2008, respectively; Plaut et al., 2013) . These relationships can be expected to differ among genotypes and species .
A number of ecosystem process-based models have been developed that incorporate knowledge of physiological responses acquired from extensive field studies: Biome-BGC (Running, 1994; Thornton et al., 2002; Law et al., 2006) , 3PG (Law et al., 2000; Coops et al., 2001) , SPA (Williams et al., 2001) , and the Community Land Model (CLM ; Hudiburg et al., 2013a,b) . These models have been tested across a steep eco-climatic gradient in Oregon.
The models, implemented with measurements of key physiological properties for major forest types, have proven generally reliable as evaluated from measurements of productivity, biomass accumulation, and ecosystem fluxes measured from towers. Improvements in these models require more observations and experiments to identify the physiological thresholds of different tree species (and varieties) to drought and temperature extremes. There is also a need to obtain more precise estimates of the storage capacity of water available to trees with deep roots in drought-prone areas.
Recent analyses with climate-envelope models predict large changes in the area suitable for survival of Northwest tree species (Rehfeldt et al., 2006 (Rehfeldt et al., , 2014 . In British Columbia, where climatic change is clearly underway , some species are predicted to have to migrate, or be assisted in migrating north at >100 km per decade between now and 2085 to remain within their climate niches (Hamman and Wang, 2006) . Although long-distance dispersal may occur (Pitelka et al., 1997) , mountainous terrain presents major impediments to migration, as do barriers created by human activities (Bunnell and Kremsater, 2012) .
Some more process-based models take into account the importance of soil properties in defining the current, and presumably, future distribution of species . Soil properties are obviously important when it comes to modeling changes in ecosystem carbon balances along with the mix of likely tree species (Kueppers and Harte, 2005) .
Nitschke and Innis (2008) developed a gap model among the few models that considers how climate change affects the chance of successful regeneration for 17 PNW tree species by defining temperature limits for chilling, bud burst, frost tolerance and minimum for survival along with specific ranges in heat sums and tolerance to drought. The model was successful in identifying the degree of change in phenology and biophysical variables that largely control seedling establishment within an area in interior British Columbia where transition to new types of ecosystems are expected within a century.
In this section we recognized the need and the challenge to incorporate variation in sensitivity of physiological mechanisms into models to predict the response of tree species to climate change and continuing rising levels of atmospheric carbon dioxide. Species (and genotypes) respond differently, and size matters when it comes to evaluating what limits to set on models that predict growth, mortality, and distribution. The physiology of insects and pathogens cannot be ignored because their populations also respond to climate change, often more rapidly, and more damagingly than would be the case if climate alone were the only variable affecting ecosystem processes and biodiversity.
Future directions
The challenge for science is to predict the interactive effects of environmental change and management strategies on forest carbon and species distributions. Ideally, assessments should be conducted at scales appropriate for aiding policy and local management decisions (e.g. 1-4 km 2 ). In the not-to-distance future, modeling at 10 km 2 resolution may be possible globally, but only if there are sufficient in situ and remote sensing observations available to account for the inherent variability among tree species, stand ages and soil conditions (Law, 2014; Bonan pers. comm.) .
The challenge is multi-dimensional: to link biophysical and biogeochemical responses by forests with policy, economics, and management actions designed to mitigate the impacts of climate change across the region. Novel approaches are required, linking otherwise disparate fields of study, and stretching the comfort zones of scientists in different disciplines. Assessments of plausible scenarios of climate and management change are needed to quantify carbon and water cycling and vegetation changes in the future.
The development of land system models that incorporate biophysics, biogeochemistry, and the demographics and structure of vegetation, such as the Community Land Model Lawrence et al., 2012; Fisher et al., 2010) , allows integration of many of the mortality inducing processes . CLM4.5 includes many plant functional types (PFTs) that can be surrogates for major forest types or species. The model provides an integrated set of data on transient land cover and wood harvest for the historical period , and the IPCC representative concentration pathways (RCP) or atmospheric CO 2 trajectories (2006 -2100 Hudiburg et al., 2013a; Lawrence et al., 2012) .
Short-comings of species distribution models are that they often lack interspecific competition and succession, which can have a large effect on species range expansion and contraction, and biodiversity in future climate conditions (Snell et al., 2014; Thuiller et al., 2013) . Dynamic vegetation models that include these processes, as well as demography and mechanistic representation of dispersal, show promise for fine-scale applications (Fisher et al., 2010) . Interactions and feedbacks between land-use, species range shifts, and climate can be simulated to better understand the likely consequences of a range of future scenarios of change.
Recent modifications of the Community Land Model (CLM4.5) include changes in mortality rate, refinement of physiological parameters for subgroups of species within plant functional types (e.g. foliage carbon to nitrogen ratios, specific leaf area), and rates of biological nitrogen fixation. For example, CLM4.5 is being modified to allow mortality and growth rates of trees to vary by PFT or species within ecoregions (Hudiburg et al., 2013a) . Additional improvements to predicting mortality should account for mechanisms that lead to whole-system failure from the cumulative effects of climate, fire, and biotic stressors (insects, diseases, and competition among plants).
Other model improvements underway include predicting vulnerability to mortality from insect outbreaks and wildfires. New models are being developed to predict outbreaks associated with climate (Preisler et al., 2012) , the mix of tree species and characteristics such as size and stand density. Earlier studies suggested tree vigor, defined by growth efficiency (productivity per unit of leaf area) was a good predictor of mortality due to mountain pine beetle (Waring and Pitman, 1985) . A more mechanistic approach should consider depletion of tree carbohydrate supply, as this may occur during a drought, and might help predict epidemic phases of beetle populations (Safranyik and Carroll, 2006; Safranyik et al., 2010) . The fire-effect module within CLM4.5 needs to continue to refine predictions of post-fire mortality, biomass combustion, and adjustment of land carbon pools and emissions (Li et al., 2012) .
Both insect and fire modules should link to a land model's dynamic global vegetation model. This will require a more complete assessment of plant physiology representative of the changes that occur following disturbance, competition and succession (Thonicke et al., 2010; Fisher et al., 2010) . Although land system models predict burn area, because fire severity is not explicitly defined for computing changes in carbon pools and emissions, this can lead to overestimation of carbon emissions. Realistic combustion factors are needed for more forest types and pool sizes and severities for process modeling.
There is also uncertainty associated with using downscaled climate data to interpret the output from regional climate models (Foley, 2010) . To down-scale global climate simulations, for example from 50 km grid to 4 km, will require accounting for the land within the maritime influence of the Pacific Ocean, and the effects of mountainous terrain on wind patterns and the distribution of precipitation (rain shadows). One promising approach might involve statistical downscaling that uses observation-based training data (PRISM; Daly et al., 2008) to remove historical biases and match spatial patterns in climate model output (Abatzoglou and Brown, 2012) . Strategies to mitigate climate effects on forests and to reduce carbon emissions will need to include uncertainty estimates along with those obtained for climate projections.
Perhaps the largest uncertainties are in how humans will react to climate impacts on forest ecosystems and the services they provide. The social environment is almost certain to have even greater implications for forests and what happens to them. There have been surprises in PNW forests related to societal policy decisions, such as changes in the ownership of private lands with reduced harvest on public lands, and there will likely be many more. Changes in demographics and socio-economic values are difficult to predict, yet they are major drivers of environmental change. Historically, humans have lived through cycles of crisis and growth, and the projected increase in human population to 9 billion by 2042 and associated demands should lead to a range of possibilities in how we address climate change and its impacts.
Actions by land managers to mitigate climate change are part of this uncertainty. Feedbacks between potential harvests and economic factors ultimately drive harvest timing, intensity and locations. Economic considerations include knowledge of species available for harvest, biomass density, locations where harvest or thinning could improve forest condition as identified by predictions of vulnerability to mortality, transport distance to existing or proposed processing facilities, and market prices. Other important issues when considering land management change include potential impacts on ecosystem services including biodiversity, soil fertility, and stable water supply (Haberl et al., 2013) . Some areas may serve as biodiversity reserves and corridors for migration to prepare for uncertainty of future climate impacts on forests and animal habitat. To date, these are rarely part of the decision-making process in simulating land management change scenarios, but they need to be.
Land models will continue to be improved, but will need continued observations to initialize, update, and evaluate the accuracy of a full array of predictions. Geographically explicit data layers will be required that geographically register species distribution, forest structure, foliar nitrogen, and how these and other properties change (Xiao et al., 2014) . Improvements in testing the models await better satellite coverage with instruments that cannot only distinguish burnt areas from harvesting or insect activities (Kennedy et al., 2010; Meigs et al., 2011) but also update changes in biomass accumulation or loss e.g., LiDAR and RADAR (Treuhaft et al., 2004 (Treuhaft et al., , 2010 .
Conclusions
We have provided an overview and synthesis of research results on current and potential future effects of drought, fire and management on Pacific Northwest US forests, with an emphasis on forest carbon dynamics. Comprehensive assessments are needed to understand the consequences of land use actions on both the local and regional carbon balance. By accounting for more of the benefits and costs involved in reducing the risk of crown fires, modifying storage in long-and short-term products, and in substituting wood products for fossil fuel, we find that thinning existing forests to reduce crown-fire risk increases net carbon emissions to the atmosphere for many decades, but is likely to be less of an atmospheric impact in some dry forest regions that are highly vulnerable to fire.
While some suggest that shorter rotations would provide more effective carbon sequestration (e.g. changing from current 80-90 year rotations to 40-50 years), research in the PNW shows that the total carbon accumulated from longer rotations is superior to that from e.g. 40-to 50-year rotations. When trees are harvested, the carbon released to the atmosphere from increased decomposition, and in the product chain needs to be accounted for when assessing carbon sequestration potential.
There is considerable potential for increasing carbon sequestration in PNW forests by using longer rotations, particularly in those forests dominated by Douglas-fir in climatically buffered areas, because they can continue, if undisturbed, to accumulate carbon for centuries. If rotations in managed forests were extended to 100+ years, the benefit would be significant in terms of carbon stocks per unit ground area. In addition, carbon markets that financially rewarded additional carbon storage in forests (e.g. carbon credits, discounts for uncertainty) could result in significant midterm carbon storage (Law and Harmon, 2011) .
There is a consensus among climate scientists that the region can be expected to experience progressively hotter summers with minimal change in annual precipitation but substantial loss of snowpack, which supplies water to many forests during the dry summers as well as to agriculture and communities.
There is still work to be done to develop improved predictors of species' responses to drought and heat extremes in specific environments. Human activities can exacerbate or improve the situation. Refined analysis of land management scenarios can help to reduce impacts of environmental change on forests.
Current models that combine climatic analyses with estimates of forest growth, and mortality have progressed in their sophistication and reliability, and are becoming useful for evaluation of many policies to counter or adapt to predicted climatic changes. We offer suggestions to improve models still further so that they provide more plausible evaluation of management actions to mitigate the effects of climate change on forests.
Both current and future assessments rely heavily on expanding in situ and remotely sensed observations. It is these sets of measurements that confirm or refute model predictions, and at the same time, provide a way of updating shifts in carbon stocks that otherwise might go unrecorded. Trend detection requires longterm observations over time, such as provided by Landsat data. Models also are in dire need of high quality data to define functional physiological relationships more accurately, and improved resolution maps of species distributions and biomass. Better integration of observations and models are essential to quantify changes over time and to predict forest conditions in the future in a way that significantly aids decision-making.
